Hexamethyldisilazane (HMDS) was subjected to plasma-assisted chemical vapor deposition (PCVD) for the formation of thin dielectric films on Al substrates for the use as a dielectric electrode in clinical bioelectric measurements. From the measurement of X-ray photoelectron spectroscopy, the PCVD film deposited at higher temperature was found to contain less amount of carbon and tend to approach silicon-nitride-like film. Dielectric loss, tan8, of the PCVD films deposited on rough Al foil was too large, but it was small enough for the film on a smooth Al plate. The PCVD film deposited at 350 °C on Al plate was found to have the greatest dielectric constant, e, as well as the greatest mechanical strength and adhesivity. In the measurement of dielectric properties with a physiological salt solution on the PCVD film as an electrode, the PCVD films showed an excellent barrier property. A possibility for the application to clinical bioelectric measurements was suggested.
Introduction
Chemical vapor deposition (CVD) is a method to form thin layers of vaporized materials on a substrate which is usually heated to around 1000 °C . In this process, a vaporized material deposits on the substrate and reacts at high temperature. Since the temperature is so high, the substrate must have a good heat resistance, which restricts the material of the substrate.
Plasma polymerization is also a method to form thin layers of mostly organic cross-linked polymers in the plasma state. Plasma polymers are formed on any surface of the system, including electrodes and reactor wall, which leads to a waste of the monomer and difficulty of the maintenance of the system. Plasma-assisted CVD (PCVD) is a method that adopted the advantages of both the CVD and plasma polymerization, or eliminated the drawbacks of both the systems. PCVD system is basically CVD, but the substrate is not necessarily to be heated to so high temperature because energy for the reaction is supplied by plasma. Therefore, heat resistance of the substrates is not a very important issue in PCVD. In this system, source materials (monomers) do not have to go through the plasma region, which can avoid the deposition all over the reactor. Such an unusual plasma polymerization system, in which a monomer does not react in the plasma region but reacts with plasma-induced species away of the plasma region, is often called remote plasma polymerization.
Utilizing the PCVD system, with lower substrate temperature and remote plasma polymerization, we tried to form a thin layer of dielectrics as an electrode for an application to clinical bioelectric measurements, such as electrocardiogram, electroencephalography, and electromyography. In such measurements, metal electrodes are usually used. With metal electrodes, however, conductive paste is needed to be applied to human body for the maintenance of a good conduction between the electrode and the body. This conductive paste sometimes causes skin irritation and deterioration. If the dielectric electrode is available, biologically active potential can be converted to a wave signal through a capacitor directly. In such a case, conductive paste is not necessary.
Lopetz et al. prepared a dielectric electrode for the clinical bioelectric measurements, which consists of Si02 anodic-oxidized on Al plate surface [1] . There is arelationshipbetween electric capacity, C, and dielectric constant, ES, expressed by c = EoEs(s/a)
where E° is dielectric constant in vacuum, S is the area of the electrode, and d is the thickness of the dielectric film. An electric circuit they devised for the measurements, the Si02 anodic-oxidized film worked as a dielectric electrode as they intended, but the dielectric constant was not large enough and the barrier property was not sufficient enough.
In this circuit, in order to have a large C for less S/N ratio, we have to prepare very thin dielectric films with high E. For example, if the electric capacity more than 20 nF with 1-cm2 electrode is required, and assume ES is 5, the thickness must be less than 220 nm.
In this study, we used hexamethyldisilazane (Si(CH3)3N}lSi(CH3)3,HMDS) as a source material. HMDS, which has both Si and N, is very interesting material and often used as a plasma monomer for a variety of purposes [2] [3] [4] [5] [6] [7] [8] . We tried to obtain silicon nitride dielectricfilms by PCVD of HMDS, of which dielectric constant is higher than silicon oxide dielectrics, with the thickness of less than 200 nm.
2. Experimental 2.1. Materials HMDS, purchased from Chisso Co., was used as a PCVD source without purification. As a plasma gas, ammonia (NH3)' purchased from Hiroshima Sanso Co., was used. Al foil (40 x 40 x 0.05 mm, 99.9%-purity from Nippon Aluminum Co.), and Al plate (40 x 40 x 0.5 mm, 99.9%-purity from Sumitomo Light Metal Industries) were used as substrates. Figure 1 shows schematic illustration of the PCVD system. A tubular reactor (borosilicate glass, 26-mm i.d., 270-mm height) is connected to a belljar reactor (borosilicate glass, 260-mm i.d., 270-mm height, 8.8-L vol) through a stainless-steel joint (24-mm i.d.,100-mm height). A copper plate (30-mm width) is wrapped on the top part of the tubular glass reactor and used as an electrode. The stainlesssteel j oint was used as the ground electrode.
PCVD System
The PCVD system was evacuated from the bottom of the bell jar reactor to less than 1 Pa by a chemical rotary vacuum pump prior to the introduction of a plasma gas (NH3) and a PCVD source (HMDS). NH3, of which flow rate was controlled with a mass flow controller (STEC, SEC-400), was introduced from the top of the tubular glass reactor. HMDS, of which flow rate was controlled with a needle valve, was introduced to above the substrate through a stainless-steel tube (outside of the reactor, 6.3-mm o.d.) and a glass tube (inside of the reactor, 6.0-mm o.d.). The glass container of the HMDS was kept at 40 °C in order for the HMDS to vaporize easily. The stainless-steel tube was kept at 100 °C for the prevention of condensation. The outlet of the glass tube above the substrate was ring-shaped and had some holes toward the substrate with a same interval so that theHMDS canbe supplied to the substrate uniformly and efficiently. Substrate was placed on the substrate holder (100-mm d.) made of stainless steel, of which temperature was controlled up to 350 °C.
Radio frequency (rf,13.56 MHz) plasma of NH3 was created in the tubular glass reactor with an rf generator (Adtec Co., AX-1000) and an automatic impedance matching unit (Adtec Co., AM-1000S). Many active species of NH3 created in the plasma reacted with HMDS in the bell-jar reactor, which resulted in the deposition on the substrate as a thin film.
Thickness of the deposit was measured with a quartz thickness monitor (JEOL, JTM200R) using three crystal sensors coated with gold placed on the substrate holder near the substrate.
PCVD conditions for NH3 and HMDS in this study were summarized in Table 1 .
Surface Elemental Analysis
Surface composition of the PCVD films of HMDS was analyzed with X-ray photoelectron spectroscopy (XPS, Shimadzu, ESCA-750).
Measurement of Dielectric Properties
Prior to the measurement of dielectric properties, four electrodes (10-mm d. each) were formed on the PCVD films by the sputtering of Ag as shown in Figure 2 . e was calculated with eq.1 after the measurement of electric capacity created between each one of the Ag electrode and Al substrate with an LCZ meter (NF Electronic Instruments, 2322) with applied frequency of 100 Hz to 20 kHz and applied voltage of 1 V.
Surface Morphology
Surface morphology of the substrates (Al foil and Al plate) was observed with a laser focus displacementmeter (Keyence Corp., LT-8010). The sampling interval was 1 µm and the sampling area was 50 X 5O µm.
Barrier Property
Barrier property of the PCVD films of HMDS was examined by the measurement of dielectric constant using a droplet of a physiological salt solution on the PCVD film as an electrode instead of Ag. If the barrier property of a PCVD film is not good enough because of a pinhole or some Table 1 . Conditions for the PCVD of HMDS. other defects, the physiological salt solution is to penetrate into the film and the dielectric constant cannot be measured.
Friction Test
The mechanical strength and the adhesivity of the PCVD films of HMDS onAl plate was examined by the measurement of the coefficient of friction in a friction test. The friction test was carried out with a high-speed and low-load friction tester (Iwamoto Manufacturing Co.) shown in Figure 3 . In the test, during the lower part of the equipment including the polishing steel plate was moved back and forth by the AC servo motor, friction force between the polishing steel plate and test piece pressed down by a loaded weight was detected. The test condition was as follows: moving speed, 10 mm/s; load, 0.9$ N; one way distance, 100 mm; and time, 60 min. In a 60-mim run, the test piece moves 36 m on the polishing steel plate.
Results and Discussion

Surface Elemental Analysis
The composition of the PCVD film surfaces of HMDS was analyzed with XPS. Detected elements were C, N, Si, and 0. Since the PCVD source (HMDS) does not contain oxygen, 0 is believed to come from 02 in the air reacted with radicals created on the PCVD film after the reactor was opened. Figure 4 shows atomic ratio of the each element for the PCVD films as a function of the substrate temperature. For the PCVD films deposited at 200 °C or lower , major component was C, of which atomic ratio was about 50%, followed by Si, a little more than 20%, and the N was the least, a little more than 10%. In the film deposited at 350 °C , on the contrary, C decreased drastically, while N became doubled and Si increased a little. 0, which should be detected only on the surface, is almost independent of the temperature. From the results above, the substrate temperature was found to be very important for the composition of the PCVD films of HMDS: Higher temperature is favorable for the formation of a silicon-nitride-like film, which leads to a great dielectric constant. Table 2 shows e, and dielectric loss, tan 6, of the PCVD films of HMDS measured at thefrequency of 100 Hz, with a thickness of the PCVD films. The thickness of all the PCVD films obtained was less than 200 nm and decreased with increasing substrate temperature. Since PCVD time is fixed to 60 min, the thickness in the table is proportional to the deposition rate.
Dielectric Properties
Dielectric values in the table are scattered, especially for Al foils (sample nos. 1 & 2) because they were measured four times with the four Ag electrodes on the film. All samples showed a certain level of the dielectric constant, which indicates the PCVD films of HMDS are dielectrics. a has a tendency to increase with increasing substrate temperature, and became about 11 at 350 °C on Al plate, which is greater than that of Si 3N4 (about 6-7). Therefore, the PCVD films of HMDS deposited on Al plate at relatively high temperature are good dielectrics.
As far as dielectric loss (tangy) is concerned, however, that on Al foils is much higher than that on Al plates. Even if a sample has a good dielectric constant, high tanb ruins its potential practical use. We thought the high tan b for the Al foils was caused by the roughness of the surface. Although it looks smooth, the thickness of the PCVD films we intend is very thin, much less than 1 tm. Therefore, we examined the Al foil surface with the laser focus Figure 5 (a) and (b), respectively. The surface of Al plate is very smooth and the height of the gap is 1.5 p m at most, while Al foil surface is very rough and some very sharp edges are seen with the gap of as large as 5 µm.
We assume this surface roughness of Al foil could not hold a good electrical insulation for the very thin PCVD films, which resulted in high tanb. Figure 6 shows frequency dependencies of e and tan b in the range of 0.1 to 20 kHz for the sample no.5. Both es and tanb decreased a little at lower frequency, but almost stable in this range of the frequency. These good properties in this frequency range could be useful for the application to the clinical bioelectric measurements.
Barrier Property
When this kind of dielectric electrode is used in clinical bioelectric measurements, it must be stable and must not be affected against perspiration of human body. In short, in this study, the PCVD films must be a good barrier for that. For the examination of the barrier property, we used a droplet of physiological salt solution on the PCVD film as an electrode instead of Ag electrode to measure ES and tan & In all samples, es was able to be measured, which indicates the PCVD films between physiological salt solution and Al plate acted as a capacitor. Figure 7 shows frequency dependencies of es and tan 8 for sample no.5. es was appeared to be much higher than that obtained with Ag electrode because measured electric capacitor was high because of the resistance of the physiological salt solution itself. Similar to Fig.6 , measured with the Ag electrode, ES (and tan a) decreased at the beginning, but it was stable at a certain level in this frequency range. The only concern is, however, that tan owas very high, about 0.6, compared with one measured with the Ag electrode. This high tan 8 is thought to be caused by a less stable contact between the physiological salt solution and the PCVD films compared with Ag electrode. Although this high tanb is an important issue to be solved, the PCVD films showed excellent property as a barrier without a pinhole.
Tribological Property
For the evaluation of the mechanical strength and adhesivity of the PCVD films of HMDS on Al plate, the samples were subjected to friction test using an equipment described in Fig. 4 and the coefficient of friction of the PCVD films was measured. Figure 8 shows the change of the coefficient of friction for the PCVD films of HMDS on Al plate. The coefficient increases with increasing sliding distance for all the samples, which indicates the PCVD films were abraded and the surface became rougher. Among the PCVD film samples in the figure, the coefficient for sample no.3, deposited at 100 °C, is greater than untreated Al plate. Although this measurement cannot tell which effect was favor in the change of the coefficient, the greater coefficient for sample no.3 means either or both of the strength or/and the adhesivity of the PCVD films on Al plate is poor.
an the other hand, sample nos. 4 and 5, deposited at 200 and 350 °C, respectively, had lower coefficient than untreated Al plate, which resulted from less abrasion of the PCVD film surfaces. When the sliding distance exceeds 15 m, the coefficient of sample no.5 is clearly lower than that of no.4 and very stable. Although we cannot evaluate the strength and the adhesivity of the PCVD films independently by this test, the PCVD films deposited at 350 °C showed the best property we are pursuing so far. Since 350 °C is the maximum substrate temperature for the reactor we used, a much higher temperature could give better mechanical strength for the PCVD films. In general, however, when the substrate temperature is too high, crack will be resulted in because of the difference of the thermal expansion coefficient between the PCVD films and Al plate.
Conclusion
In the PCVD of HMDS on Al substrates, thin dielectric films were obtained.
The PCVD film deposited at higher temperature contained less amount of C and tended to approach silicon-nitridelike film. The PCVD films deposited on relatively rough Al foil had a large tanb, but it was sufficiently small on a smooth Al plate. The PCVD films on Al plates showed an excellent barrier property against physiological salt solution. The PCVD film deposited at 350 °C on Al plate had the best mechanical and dielectric properties, with the greatest cs and a small tans, which had a great possibility for the use as an dielectric electrode in clinical bioelectric measurements. 
